Magnetization switching is investigated in ring-shaped MgO-based magnetic tunnel junctions with 168% tunneling magnetoresistance. Besides the forward and reverse onion states, two vortex states and several metastable states are observed for the ferromagnetic free layer. Electrical noise is used to characterize the low frequency magnetization dynamics; a stationary 1 / f noise spectrum is observed within each magnetic state but they are separated by noise peaks which show a 1 / f 2 spectrum that is associated with slow random telegraph fluctuations. In the 1 / f region, the normalized magnetic noise parameter, ␣ mag , is shown to be consistent with the fluctuation-dissipation theorem.
Over the last decade, magnetic tunnel junctions ͑MTJs͒ have attracted much attention due to their potential application in spin electronic devices such as magnetoresistive random access memory ͑MRAM͒, magnetic field sensors, and logic devices. 1, 2 Junctions with bcc Fe-based electrodes and a ͑001͒-MgO barrier have been reported to exhibit high tunneling magnetoresistance ͑TMR͒ approaching the theoretical maximum. 3, 4 TMR is usually defined as ͑R AP -R P ͒ / R P , where R P and R AP are the resistances of a MTJ when the magnetizations of the two ferromagnetic ͑FM͒ electrodes are parallel and antiparallel, respectively. For MTJs with conventional shapes, two stable magnetic configurations with well-defined switching between them can be easily achieved, corresponding to the parallel and antiparallel states of the MTJ as supposed in the definition. However, another stable magnetic state, namely the vortex state, may form in microstructured magnetic rings [5] [6] [7] [8] and discs, 9 in order to minimize the magnetostatic energy of the system. Ring-shaped magnets with larger diameters and ring width exhibit more complex metastable states. 6, 7 The ring geometry offers some advantages in MRAM applications due to its stability on reducing the memory element size. 10 However, most of the previous studies on magnetic rings were focused on a single magnetic layer [5] [6] [7] [8] or GMR spin-valves. 9 There are few reports on MTJ rings, 11, 12 and none on MgO-based MTJ rings with high TMR.
In this letter, we investigate magnetization switching and low frequency noise in micron-scale MgO-based MTJ rings with high TMR. During the magnetization switching of the free CoFeB layer, the magnetic state switches from the forward onion state, via a vortex state, to the reverse onion state, with other metastable states in between. We have observed stationary low-frequency noise with a 1 / f spectrum in all these states. The 1 / f noise is attributed to thermally activated magnetization fluctuations of the FM layer, which can be understood in terms of the fluctuation-dissipation theorem. Further details on the growth process can be found in Ref.
14. The MTJ stack was patterned into circular rings with outer diameter of 2.6 m, inner diameter of 1.0 m, and width of 800 nm by electron beam lithography. A scanning electron microscope image of a ring is shown in the inset of Fig. 1 . High vacuum annealing of the patterned junctions in the temperature range of 200Ͻ T a Ͻ 400°C was carried out in an applied magnetic field of 800 mT for one hour. All magnetotransport measurements were made by a four-probe method. Electrical noise was measured at room temperature and under constant current bias using a commercial ac coupled low noise voltage amplifier ͑Stanford Research Systems SR552͒. The signal was further amplified; antialiasing filtered, and digitized using a 16-bit National Instruments DAQ card.
Due to the thin MgO barrier, resistance-area ͑RA͒ products of around 100 ⍀ m 2 are obtained for these MTJ rings ͑Fig. 1͒. Despite the low RA, a room temperature TMR value as high as 168% was achieved at T a = 350°C, which reflects the high quality of the MgO barrier. Figure 2͑a͒ shows the R-H loop near zero magnetic field for the MTJ ring annealed at T a = 300°C and measured at a bias current I = 120 A. 7 and the edge roughness of the microfabricated structure. Pinning sites, created during lift-off, may influence the magnetization process, altering the stability of the metastable states.
We further characterize the MTJ ring using the low frequency resistance noise spectrum as shown in Fig. 2͑b͒ . [16] [17] [18] [19] The noise is integrated across an octave centered at 4.8 Hz. Two types of noise peaks occur during the magnetization switching. The first type occurs between two clearly defined magnetic states, e.g., between field position nos. 5 and 6 shown in Fig. 2͑a͒ . Another type of noise peak, often observed within a single magnetic state, e.g., around field position no. 4, may reflect the occurrence of fractional vortices and composite domain walls, 6, 20 related to the microscopic domain rearrangement as shown in Figs. 3͑c͒ and 3͑e͒. At these peaks, there is stationary random telegraph noise ͓see the inset of Fig. 2͑b͔͒ , with a 1/ f 2 spectrum above a certain corner frequency-a noise spectrum with a Lorentzian-type character, it is due to thermally driven metastable reconfigurations in the domain structure of the free CoFeB layer. 19 This explanation differs from that of Guo et al., 18 who associated the 1 / f 2 noise with magnetic after effect, which is a nonstationary process. Figure 4 plots the power spectral density of the MTJ ring in different, numbered magnetic states after thermal noise and amplifier noise have been subtracted. A 1 / f noise dependence at low frequencies is found when the free CoFeB layer is in any of its clearly defined magnetic states. The measurement is repeatable; as seen in the results at the same field position nos. 1 and 9. There is a higher noise level in the antiparallel state compared with the parallel state due to the resistance increase, besides the magnetic contribution of the fluctuating FM electrodes. Defining the normalized magnetic noise parameter ␣ mag = S V Ј⍀f / V 2 , where ⍀ is the free layer volume, f the frequency, and V the voltage applied to the MTJ ring, this parameter allows us to compare the noise level in different magnetic states. We plot ␣ mag against ͉͑1 / R͒dR / d 0 H͉ in Fig. 4͑c͒ for selected field positions on the R-H curve. At high fields ͑500 mT͒, only residual electrical noise is assumed to remain, which we subtracted from the measured power spectral density S V to obtain the magnetic contribution S V Ј. The ␣ mag values in these MTJ rings are comparable to those reported by Ozbay et al. 16 for MgO barrier MTJs with a conventional shape. ␣ mag in the forward and the reversed onion states are similar. A somewhat higher ␣ mag is obtained for the vortex and metastable states. A possible explanation could be nucleation of a vortex core in the ring. The vortex core moves perpendicular to the applied field during switching and is finally expelled from the ring. From this point of view, the higher 1 / f noise found around field position no. 7 shown in Fig. 2͑a͒ , near the magnetization switching between two magnetic states is due to incipient magnetic instability.
In thermal equilibrium, the fluctuation-dissipation theorem can be used to relate the magnetic resistance noise to the imaginary component of the ac susceptibility of the free layer R Љ. 13, 21 Assuming the imaginary part is much smaller than the real part R Ј, it can be shown that
where ͑f , H͒ = R Љ / R Ј is the ratio of the imaginary part of the ac susceptibility to the real part, k B is Boltzmann's constant, T is the absolute temperature in Kelvin, 0 is the permeability of free space ͑4 ϫ 10 −7 N A −2 ͒, M s is the saturation magnetization of the FM layer, and ⌬R is the total resistance change between parallel and antiparallel states. Equation ͑1͒ implies that there exists a relation between ␣ mag and ͉͑1 / R͒dR / dH͉ which is linear if is independent of field. This is indeed observed in our ring-shaped MTJs ͓linear fit in Fig. 4͑c͔͒ . The linear dependence has been previously reported in AlO x -based MTJs, 19, 22, 23 and in MgO-based MTJs with a TMR value of around 100%, 16 both patterned into a square shape. The calculated ͑H͒ value for different magnetic states of the free CoFeB layer corresponds to a phase angle of 0.1°-1°, which is similar to that reported by Ozbay et al. 16 Our results on MTJ rings show that the fluctuationdissipation relation can be used to characterize the noise properties of MTJs with complicated domain structures.
In conclusion, micron-sized MTJ rings with a high TMR ratio ͑ϳ170%͒ can be fabricated by electron beam lithography. Well defined onion and vortex states are observed, together with metastable states at intermediate magnetic fields. The low frequency magnetic resistance noise of 1 / f character arises from thermally activated magnetization fluctuations. Peaks where the noise is Lorentzian are related to slow stationary fluctuations. Our results suggest that the noise characteristics of MgO-based MTJ rings will not preclude them from being used in multistate spin electronic devices, particularly if the formation of unstable domain structures can be avoided. This work was supported by Science Foundation Ireland as part of the MANSE project, and the Ireland-China exchange agreement. Some support was also provided by Enterprise Ireland, as part of the "Spincurrents" FoNE network. E.R.N. also acknowledges partial support by DOE under Award No. DE-FG02-07ER46374.
